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Summary
Animals living in temperate zones anticipate seasonal envi-
ronmental changes to adapt their biological functions, espe-
cially reproduction andmetabolism. Twomain physiological
mechanisms have evolved for this adaptation: intrinsic
long-term timing mechanisms with an oscillating period of
approximately 1 year, driven by a circannual clock [1], and
synchronization of biological rhythms to the sidereal year
using day length (photoperiod) [2]. In mammals, the pineal
hormone melatonin relays photoperiodic information to the
hypothalamus to control seasonal physiology through
well-defined mechanisms [3–6]. In contrast, little is known
about how the circannual clock drives endogenous changes
in seasonal functions. The aim of this study was to deter-
mine whether genes involved in photoperiodic time
measurement (TSHb and Dio2) and central control of repro-
duction (Rfrp and Kiss1) display circannual rhythms in
expression under constant conditions. Male European ham-
sters, deprived of seasonal time cues by pinealectomy and
maintenance in constant photoperiod, were selected when
expressing a subjective summer or subjective winter state
in their circannual cycle of body weight, temperature, and
testicular size. TSHb expression in the pars tuberalis (PT)
displayed a robust circannual variation with highest level
in the subjective summer state, which was positively corre-
lated with hypothalamic Dio2 and Rfrp expression. The
negative sex steroid feedback was found to act specifically
on arcuate Kiss1 expression. Our findings reveal TSH as a
circannual output of the PT, which in turn regulates hypotha-
lamic neurons controlling reproductive activity. Therefore,
both the circannual and the melatonin signals converge on
PT TSHb expression to synchronize seasonal biological
activity.Results and Discussion
European Hamster’s Seasonal Physiology
Circannual species exposed to a constant photoperiod show
circannual variations in reproduction, food intake and body4Co-first author
*Correspondence: simonneaux@inci-cnrs.unistra.frweight, moult, or hibernation [1, 7, 8], although the robust-
ness of the free-running rhythms may be influenced by
the photoperiod employed [9, 10]. Under constant photope-
riod, the melatonin profile continues to reflect the prevail-
ing photoperiod [11]. Nevertheless, melatonin received at a
particular phase of the circannual cycle entrains the endoge-
nous rhythm in reproduction [12], demonstrating that respon-
siveness to melatonin is maintained in these conditions.
In this study, we used the European hamster, a long-day
breeder known to display circannual rhythms [8, 13]. Male
European hamsters kept in constant long photoperiod (LP;
16 hr light [L] and 8 hr dark [D]) and pinealectomized in order
to remove any potential influence of melatonin showed
robust cycles in body weight, testicular size, and body tem-
perature (Figure 1). To avoid the cycling feedback of testos-
terone on the circannual clock, a subgroup of animals was
castrated, and these animals displayed similar strong annual
cycles in body weight and temperature (Figure S1 available
online). Animals were sampled at the appearance of a sum-
mer phenotype (an increase in body weight to a stable level
and also large testis size in the gonadally intact group) for
the subjective summer (S-Sum) group (Figures 1A and S1A)
and the appearance of a winter phenotype (a decrease in
body weight for three consecutive points and testis regres-
sion in the gonadally intact animals) for the subjective winter
(S-Win) group (Figures 1B and S1B). The circulating level of
luteinizing hormone (LH), measured as an a posteriori repro-
ductive index, was higher in S-Sum as compared to S-Win
but was strongly upregulated in both castrated S-Sum and
S-Win groups as a consequence of the removal of the nega-
tive testosterone feedback (Figure 1C). For comparative
purposes and to exclude any misinterpretation related to
putative daily variation in gene expression, we also used
two additional groups of intact male European hamsters
adapted to LP or short photoperiod (SP; 10L:14D) and sacri-
ficed throughout 24 hr. Their reproductive hormone profiles
confirmed the appropriate photoperiodic reproductive state,
with higher LH and testosterone levels in LP compared
to SP conditions at all day times investigated (Figures S2A
and S2B). In view of the similarities between LH level in the
circannual gonadally intact animals and the photoperiodic
groups, we are confident that sampled hamsters in our cir-
cannual experiment were indeed in S-Sum or S-Win states.
Our results and previous observations in this species and
in the sheep [12, 13] demonstrate the independence of mela-
tonin for the occurrence of circannual rhythms in reproduc-
tion, and they demonstrate that the circannual clock is not
affected by the sex steroid feedback.
TSHb and Dio2 Are Regulated by the Circannual Clock
The photoperiodic regulation of seasonal physiology is initi-
ated by circulating melatonin control of the b subunit of thy-
roid-stimulating hormone (TSHb) in the melatonin-sensitive
pars tuberalis (PT) of the pituitary gland. TSHb synthesis is
inhibited in SP, when the nocturnal melatonin production is
long [14–16]. In LP, the melatonin signal duration is reduced,
and TSH is released from the PT and binds to TSH receptors
in the neighboring tanycyte cells located in the paraventricular
Figure 1. Circannual Rhythms in European
Hamster’s Physiology
(A and B) Graphs representing the expression of
endogenous rhythms in body temperature (black
line), body weight (,), and testis size (:) in two
different pinealectomized gonadally intact Euro-
pean hamsters kept in constant conditions dur-
ing the whole experiment (16L:8D, 20C 6 2C).
Body weight (g) and scrotal testis size (mm)
weremeasured every two weeks, from the begin-
ning of the experiment until the sampling date,
when the animals expressed subjective summer
(S-Sum) (A) or subjective winter (S-Win) (B) phys-
iologies. Body temperature (C) was constantly
recorded during the experiment, and the data
were assessed postmortem.
(C) Blood LH level of circannual animals at the
S-Sum or S-Win states, in the gonadally intact
and castrated groups. Data in (C) are n = 6–12
animals per group. ***p < 0.001 indicates a differ-
ence between S-Sum and S-Win.
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1501zone (PVZ) of the third ventricle to promote the expression of
type 2 thyroid hormone deiodinase gene (Dio2) [5, 17]. Dio2
locally converts thyroid hormone from its tetraiodinated circu-
lating form, thyroxine (T4), into the most active form, triiodo-
thyronine (T3) [18]. Exogenous supply of central T3 or TSH in
the basal part of the hypothalamus mimics photoperiodic acti-
vation of summer physiology [6, 19].
We first studied the photoperiodic variation in TSHb gene
expression in the PT and Dio2 in the tanycytes (Figure 2G) in
the early morning, at zeitgeber time 2 (ZT02), and during the
night, at ZT22 (ZT0: lights-on time), based on previous results
in female European hamsters reporting a modest day-to-night
difference in Dio2 expression [20]. TSHb expression in the PT
was strongly regulated by photoperiod, with high mRNA level
in LP and nearly undetectable mRNA level in SP (Figure 2A; p <
0.0001), with no variation detected between ZT02 and ZT22 ineither photoperiod (Figure 2A; p = 0.14).
Dio2 gene expression was quantified in
two regions corresponding to the area
where the tanycyte cell bodies and
projections are located: in the PVZ
and along the border of the median
eminence, in the cell-free area called
the tuberoinfundibular sulcus (TIS).
Dio2 mRNA level was markedly
increased in LP as compared to SP in
the two tanycyte areas examined (Fig-
ures 2B and 2C; p < 0.0001 for PVZ
and for TIS). In addition, Dio2 expres-
sion in LP was significantly higher at
ZT02 than at ZT22 in the PVZ region
(Figure 2B; p < 0.01), but not in the TIS
region (Figure 2C; p > 0.05). This pattern
matches the previously demonstrated
photoperiodic melatonin regulation of
TSHb/Dio2 [3, 5, 14, 15, 21]. In circan-
nual conditions, TSHb mRNA level was
significantly higher in S-Sum compared
to S-Win, and castration did not affect
the circannual variation in TSHb expres-
sion (Figure 2D; p < 0.001 for gonadally
intact; p < 0.05 for castrated). Strikingly,
Dio2 expression showed a similarstrong circannual variation in the gonadally intact and cas-
trated groups, with Dio2mRNA level being significantly higher
in S-Sum than in S-Win in both tanycyte areas (Figures 2E and
2F; p < 0.001 for PVZ and TIS). PT TSHb and PVZ Dio2 mRNA
levels were strongly positively correlated both among the
photoperiod adapted (Figure S3A; p < 0.01; Pearson r = 0.65)
and the animals in circannual conditions (Figure 2H; p <
0.001; Pearson r = 0.57).
These results support the hypothesis that the circannual
clock drives TSHb expression in the PT, which in turns drives
Dio2 expression in tanycytes. This regulation was identical
whether the animals were castrated or not, showing that at
this level, the circannual signal is independent of the testos-
terone feedback. Our results indicate that both the circannual
and the photoperiodic signals converge at the level of TSHb in
the PT, which in turn, via the regulation of Dio2 expression in
Figure 2. Photoperiodic and Circannual Variations in TSHb and Dio2 Gene Expression in European Hamster
(A–C) Photoperiodic and day-to-night variation in TSHb and Dio2 expression. Photoperiodic and day-to-night variation in TSHb expression in the PT is
shown in (A). Mean TSHb labeling intensity was measured at ZT02 (plain bars) and ZT22 (stripes) time points under LP or SP conditions. Representative
images of TSHb mRNA labeling in the PT in LP and SP at ZT02 are shown. Mean Dio2 labeling intensity in the PVZ (B) and in the TIS (C) was measured
at ZT02 (plain bars) and ZT22 (stripes) time points under LP or SP conditions. Representative images of Dio2 mRNA labeling in the PVZ and TIS in LP
and SP at ZT02 are shown.
(D–F) Circannual variation in TSHb and Dio2 expression. Circannual variation in TSHb expression in the PT is shown in (D). Mean TSHb labeling intensity was
measured in gonadally intact and castrated animals in S-Sum (white bars) andS-Win (black bars). Representative images of TSHbmRNA labeling in the PT of
a gonadally intact S-Sum and an S-Win animal are shown. MeanDio2 labeling intensity in the PVZ (E) and in the TIS (F) wasmeasured in gonadally intact and
castrated animals in S-Sum (white bars) and S-Win (black bars). Representative images of Dio2 mRNA labeling in the PVZ and TIS of a gonadally intact
S-Sum and an S-Win animal are shown. All data showmean6 SEM (n = 5 or n = 6 animals per sampling point in the photoperiodic groups; n = 6–12 animals
in the circannual groups).
(G) Schematic drawing of a coronal section at the level of the hypothalamus, depicting the areas where gene expression was studied, as shown in (A)–(F).
(H) Scatterplot showing the positive correlation between TSHb expression in the PT and Dio2 expression in the PVZ. r = 0.57, r2 = 0.33, p < 0.001.
The following abbreviations were used: au, arbitrary units; 3V, third ventricle; LP, long photoperiod; ME, median eminence; PT, pars tuberalis; PVZ, para-
ventricular zone; SP, short photoperiod; S–Sum, subjective summer; S-Win, subjective winter; TIS, tuberoinfundibular zone; ZT, zeitgeber time.
Scale bars of (A) and (D) represent 100 mm; scale bars of (B), (C), (E), and (F) represent 50 mm. In (B), the arrow indicates the PVZ, and the arrowhead points
to the TIS. ##p < 0.01 for post hoc analysis in LP ZT02 versus ZT22; ***p < 0.001 and *p < 0.05 for differences between groups.
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Recently, we reported on the Soay sheep, an endogenous vari-
ation in PT TSHb and hypothalamic deiodinases associated
with the endogenous changes in reproductive physiology
[22]. When maintained under constant nonstimulatory LP con-
ditions, sheep exhibited an endogenous reactivation toward
S-Win physiology, accompanied by a decrease in TSHb and
Dio2 levels. In the opposite conditions, in constant SP, sheep
exhibited an endogenous switch toward S-Sum physiology,
together with a reversion in deiodinases gene expression,
although independent of TSHb change [22]. Therefore, it
appears that in both the sheep (a short-day breeder) and the
European hamster (a long-day breeder), the circannual clock
is using comparable mechanisms relaying on the PT to regu-
late hypothalamic T3 level.
TSH and Dio2 Convey the Circannual Information to
Hypothalamic RF-Amides
In seasonal rodents, the TSH-induced control of seasonal
reproduction is associated with effects on two neuropeptides
of the RF-amide family, RF-amide-related peptide (RFRP-3)
and kisspeptin [6]. In seasonal breeders, Rfrp expression in
the dorsomedial hypothalamic (DMH) and ventromedial hypo-
thalamic (VMH) nuclei is higher in LP as compared to SP [4, 23,
24]. In male hamsters, RFRP-3 stimulates gonadotrophin and
testosterone production [24, 25], whereas in ewes, the peptide
may inhibit [26] or may not inhibit [27] gonadotrophin secre-
tion. Kisspeptin, notably expressed in the arcuate nucleus
(ARC), displays a potent and well-conserved stimulatory effect
on gonadotrophin-releasing hormone (GnRH) neurons [28].
ARC kisspeptin neurons are the central site for the negative
steroid feedback occurring in the breeding season, but the
peptide expression is also inhibited by the SPmelatonin signal
[29–31]. As a consequence of this dual testosterone and mela-
tonin inhibitory regulation, ARC kisspeptin expression dis-
plays seasonal variations butwith species-specific differences
[31, 32]. A central infusion of kisspeptin in hamsters and sheep
[29, 33] or RFRP-3 in hamsters [25], kept in photoinhibitory
conditions, is able to restore the reproductive function. Thus,
RF-amide peptides, highly regulated by the melatonin-driven
TSH, are critical for the control of seasonal breeding [34].
Next, we investigated how Rfrp in the DMH and VMH area
and Kiss1 in the ARC (Figure 3E) are regulated in European
hamsters kept in photoperiodic conditions and whether their
expression is subjected to circannual variation. The number
of Rfrp-expressing cells in the DMH and VMH area was found
to bemarkedly larger in LP than in SP (p < 0.001), but, in LP, the
number of cells appeared larger in the morning than at night
(Figure S2C; p < 0.05 for overall time effect). Therefore, we
further measured the level of total Rfrp mRNA expressed in
the DMH and VMH area at ZT02 and ZT22 under both photope-
riods. At these times, total hypothalamic Rfrp mRNA was
markedly higher in LP than in SP (p < 0.001) but with no varia-
tion for time of sampling (Figure 3A; p = 0.08). In circannual
conditions, Rfrp displayed a significantly higher expression
in S-Sum as compared to S-Win, with no difference in Rfrp
expression whether animals were castrated or not (Figure 3B;
gonadally intact: p < 0.001; castrated: p < 0.01; p = 0.55 for
overall testosterone effect), indicating that the circannual
control of Rfrp expression is independent of testosterone
feedback, as observed in its photoperiodic regulation in other
species [4, 24].
The number of cells expressing Kiss1 in the medial region of
the ARC was lower in LP than in SP (p < 0.001), with anadditional daily variation with a higher value observed at
ZT18 in LP (Figure S3D; p < 0.01). The analysis of total Kiss1
mRNA levels in the medial ARC confirmed the photoperiodic
difference, but no variation was found between ZT02 and
ZT22 in either photoperiod (Figure 3C; p < 0.001 for photo-
period; p = 0.57 for time of day). Similar to animals in photo-
periodic conditions, total ARC Kiss1 mRNA levels were
significantly lower in the S-Sum compared to the S-Win state
in gonadally intact animals (Figure 3D; p < 0.05). In castrated
animals, the overall level of ARC Kiss1 mRNA was increased
compared to intact hamsters (Figure 3D). Moreover, the cir-
cannual variation in Kiss1 expression was opposite, with
higher level in S-Sum than in S-Win (Figure 3D; p < 0.01). In
the absence of testosterone negative feedback, this circan-
nual variation was found to display a significant positive corre-
lation with that of Rfrp mRNA (p < 0.05; Pearson r = 0.57). The
circannual variation in Kiss1 mRNA observed in pinealectom-
ized castrated hamsters suggests that the circannual signal,
like the photoperiodic signal, regulatesKiss1 gene expression,
but this effect is strongly altered by the negative testosterone
feedback.
Dio2 and Rfrp mRNA levels were strongly correlated in the
photoperiodic groups (Figure S3B; p < 0.001; Pearson r =
0.76). Similarly, there is a strong positive correlation between
the circannual variation in Dio2 and Rfrp mRNA levels (Fig-
ure 3F; p < 0.0001; Pearson r = 0.67), suggesting that the cir-
cannual clock signal is transmitted to Rfrp neurons in the
DMH and VMH area via the changes in TSHb/Dio2. Similar
mechanisms were previously described for the photoperiodic
regulation of Rfrp expression in Syrian and Siberian hamsters
[4, 6]. Altogether, our findings indicate that the circannual
clock signal, acting through TSHb/Dio2, is integrated into the
reproductive axis at the level of the hypothalamic RF-amide
neurons. Previous studies have demonstrated that both
kisspeptin and RFRP-3 increase GnRH neuron activity and
gonadotrophin secretion in seasonal rodents [24, 25, 29]. Our
observation of increased expression of Rfrp in sexually active
LP-adapted and S-Sum European hamsters supports the idea
that in this species, as well as in other hamster species [29, 30],
RFRP-3 may serve as a seasonally regulated stimulatory
neuropeptide acting upstream of the GnRH neurons to syn-
chronize reproductive activity. The mode of action of RFRP-3
on GnRH neurons in European hamsters might be direct
and/or via kisspeptin neurons as observed in other species
[24, 25, 35].
Conclusions
Our study demonstrates that in the European hamster, the
circannual clock regulates TSHb expression in the PT. It is
also well established that melatonin binds directly to its recep-
tors on the PT to regulate TSHb expression [15]. Altogether,
these data situate the PT in the spotlight for the interaction
of different cues to time seasonal functions (Figure 4). The level
of TSHb is strongly correlated to that of Dio2 in the tanycytes
and, hence, probably to the local concentration of T3 (Figure 4).
Our data indicate that changes in T3 may be relayed via RFRP
and kisspeptin neurons to influence GnRH stimulation of
pituitary gonadotrophins and gonadal activity (Figure 4). Addi-
tionally, we show that the seasonal change in testosterone
production feeds back specifically at the kisspeptin neurons
and not upstream on the circannual clock signaling (Figure 4).
Furthermore, we recently reported that photoperiod, indepen-
dently of melatonin, entrains circannual rhythms in European
hamsters [36], and, therefore, the photoperiodic signal can
Figure 3. Photoperiodic and Circannual Variations in Rfrp and Kiss1 Gene Expression in European Hamster
(A) Photoperiodic and day-to-night variation in Rfrp expression in the DMH and VMH area. Total Rfrp mRNA level was measured at ZT02 (plain bars) and
ZT22 (stripes) time points under LP or SP conditions. Representative images of Rfrp mRNA labeling in LP and SP at ZT02 are shown.
(B) Circannual variation in Rfrp expression in the DMH and VMH area. Total RfrpmRNA level measured in gonadally intact and castrated animals in S-Sum
(white bars) and S-Win (black bars). Representative images of Rfrp mRNA labeling in a gonadally intact S-Sum and a S-Win animal are shown.
(C) Photoperiodic and day-to-night variation in Kiss1 expression in the mid-ARC. Total Kiss1 mRNA level was measured at ZT02 (plain bars) and ZT22
(stripes) time points under LP or SP conditions. Representative images of Kiss1 mRNA labeling in LP and SP at ZT02 are shown.
(D) Circannual variation inKiss1 expression in themid-ARC. TotalKiss1mRNA level wasmeasured in gonadally intact and castrated animals in S-Sum (white
bars) and S-Win (black bars). Representative images of Kiss1 mRNA labeling in gonadally intact (left) and castrated (right) S-Sum and S-Win animals are
shown. All data show mean 6 SEM (n = 5 or n = 6 animals in the photoperiodic groups; n = 6–12 animals in the circannual groups).
(E) Schematic drawing of a coronal section at the level of the mid-ARC, depicting the areas where gene expression was studied, as shown in (A)–(D).
(F) Scatterplot showing the positive correlation betweenDio2 expression in the PVZ and Rfrp expression in the DMH and VMH area in circannual conditions.
r = 0.67, r2 = 0.45, p < 0.0001.
The following abbreviations were used: ARC, arcuate nucleus; au, arbitrary units; DMH, dorsomedial hypothalamic nuclei; VMH, ventromedial hypothalamic
nuclei; LP, long photoperiod; SP, short photoperiod; S-Sum, subjective summer; S-Win, subjective winter; ZT, zeitgeber time.
Scale bars of (A)–(D) represent 100 mm; ***p < 0.001 and **p < 0.01 for differences between groups.
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unknown mechanisms (Figure 4).
Our study confirms that other biological functions, in addi-
tion to reproduction, are regulated by the circannual clock,
like body weight [13] and temperature [37]. In chipmunks, a
central circannual clock drives the hormonal signal for hiber-
nation [38]. Our hypothesis is that TSHb/Dio2 represents a
conserved signaling pathway through which the circannual
clock regulates these functions too. Indeed, hypothalamic T3
implants [19] or a chronic infusion of TSH [6] restores the LP
body weight phenotype of SP-adapted Siberian hamsters.
Although the circannual control of biological functions is
clearly established in some seasonal species, the anatomical
localization of the circannual clock remains to be established.
Our study on the European hamster has disclosed TSHb in thePT as the most-upstream neuroendocrine element regulated
by the circannual clock so far investigated. TSH serves as a
PT circannual output signal to the hypothalamic sites control-
ling seasonal reproduction and body weight. The PT has also
been involved in the circannual control of prolactin secretion
in sheep, although here, the mechanism is independent of
the hypothalamus [39] and of thyroid hormones [40]. Thus,
thePT emerges as the strongest candidate site for a circannual
pacemaker so far identified, and future work should be aimed
at understanding the molecular mechanisms behind circan-
nual rhythm generation. A current hypothesis suggests that
cyclical histogenesis may be important [41], whereas another
hypothesis focuses attention on epigenetic mechanisms [42],
with a combination of these processes being a third plausible
scenario.
Figure 4. Working Model Showing the Neuroendocrine Pathway through
which Circannual and Photoperiodic Cues Regulate the Reproductive
Axis in the European Hamster
The circannual clock, like the photoperiodic melatonin signal, drives TSHb
gene expression in the PT. The photoperiodic melatonin signal also entrains
the circannual clock, but photoperiodic entrainment of the circannual clock
can also happen via melatonin-independent pathways [36]. In turn, TSH,
through TSH receptor (TSH-R), activates Dio2 expression in the tanycytes
surrounding the third ventricle, leading to a local increase in T3 level. T3 is
suggested to control the expression of Rfrp and, eventually, Kiss1, which
in turn regulate GnRH neuronal activity. GnRH release represents the final
step in the neural regulation of reproduction. The seasonal changes in circu-
latory sex steroids feed back specifically on kisspeptin neurons. This neuro-
endocrine pathway is likely regulating the seasonal variation in body weight,
but the level at which this is taking place remains to be determined. Direct
inputs are indicated with black arrows, and indirect or uncharacterized in-
puts are indicated with light gray arrows. ARC, arcuate nucleus; DMH, dor-
somedial hypothalamic nuclei; VMH, ventromedial hypothalamic nuclei.
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Animals and Experimental Design
Male European hamsters (Cricetus cricetus) were born and raised in our
animal facilities. The animals were aged 11 months to 2 years and weighed
200–700 g at the day of sacrifice. Animals were kept in individual type 3
Macrolon cages, in rooms with constant temperature at 20C 6 2C and
humidity at 55% 6 5%. Food (Safe005 diet for rodents; SAFE) and water
access was ad libitum. Animals were maintained in dim red light during
the night phase. The study was conducted at the Chronobiotron (CNRS-
UMS 3415) in accordance with the European Communities Council Directive
of November 24, 1986 (86/609/EEC) and the French laws.
Photoperiodic Investigation
Seventy-two male European hamsters were kept in a controlled photo-
period, with 6 months of LP followed by 6 months of SP. The LP group
was sampled after 3 months, under 16L:8D at six different time points along
24 hr. The sampling times in this group were ZT02, ZT06, ZT10, ZT14, ZT18,
and ZT22, where ZT0 corresponds to lights-on time (04:00 CET). The SP
groupwas sampled after 3months under 10L:14D along 24 hr. The sampling
times for this group were ZT02, ZT08, ZT12, ZT15, ZT18, and ZT22, where
ZT0 corresponds to lights-on time (08:00 CET). These time points were cho-
sen to be equally distributed around lights-on and lights-off times in both
photoperiods (i.e., a time point 2 hr before and another 2 hr after each light
change).
Circannual Experiment
A total of 54 animals, born in March 2010, were kept in LP conditions. All
animals were pinealectomized, at 3 months of age, under anesthesia (intra-
peritoneal injections using 0.2 ml per 100 g body weight of a 4:1 mixture of
Zoletil 20 [Virbac] and Rompun [Bayer HealthCare]) according to [36].Additionally, an iButton (Maxim) was implanted in the abdominal cavity for
body temperature recordings. Thirty-four of these animals were also
castrated. Body weight was assessed every 2 weeks, and, in gonadally
intact animals, the reproductive state was assessed by measuring scrotal
testicular length under short isofluorane anesthesia.
The subjective seasonal state of the animalswas determined according to
the following parameters: (1) animals showing increasing body weight,
which then stabilized after at least three consecutives measurements, and
also presenting testes over 18 mm in length in the gonadally intact animals
[36] were considered to be in S-Sum (Figure 1A), and (2) animals showing
decreasing body weight for at least three consecutive measurements,
accompanied by testes that regressed into the abdomen in the gonadally
intact animals, were considered to be in S-Win (Figure 1B). Temperature
data were used a posteriori to corroborate the subjective state of the
animals: a stable temperature above the year’s mean being summer-like
temperatures (Figure 1A) and a stable temperature below the year’s mean
and/or phases of hypothermia beingwinter-like temperatures. Nonetheless,
all the S-Win animals were sampled during euthermic phases (Figure 1B). In
order to avoid any daily variation in the data, all animals were sampled
between ZT07 andZT08. Only the animals fitting these criteria without doubt
and showing strong rhythms were selected for the study. Some animals
were not selected for the study because they presented long rhythms
with low amplitude, maintained constant testicular activity and high body
weight, or never developed descended testes during the study (as was
the case with one animal). Others were eliminated for developing age-
related diseases. We selected 35 out of 54 animals whose circannual state
undoubtedly matched our criteria. Of these, all the S-Sum animals were in
their first breeding season, whereas seven were taken during their first
S-Win and eight during their second S-Win. No differences were found in
hormone level or gene expression between animals during their first or sec-
ond summer or winter; therefore, animals of both ages were included in the
study, with confidence that the results of this study are not influenced by the
age of the animals.Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and three figures and can be found with this article online at http://dx.doi.
org/10.1016/j.cub.2014.05.024.
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